ESRD is a risk factor for cardiovascular disease (CVD). In fact, cardiovascular mortality in patients with ESRD is approximately 9% per year among those undergoing dialysis and accounts for .50% of all-cause mortality in patients with ESRD. [1] [2] [3] [4] This increase in disease burden cannot be solely explained by traditional cardiovascular risk factors and has prompted the search for specific CKD biomarkers for CVD. 5 The complex pathophysiology associated with ESRD and chronic uremia has been hypothesized to be mediated, in part, through posttranslational modification of proteins by carbamylation. [6] [7] [8] [9] [10] [11] [12] [13] Urea, a byproduct of protein metabolism, is in equilibrium with an electrophilic pair of species, the cyanate ↔ isocyanate couple, which can react with nucleophilic amino acid side groups, such as the «-amino moiety of lysine, resulting in posttranslational modification of proteins [13] [14] [15] (Figure 1 ). Proteins purified from patients with chronic uremia have demonstrated dysfunction associated with the degree of carbamylation. 12, 13, 15 Despite these observations, a direct relationship between systemic measures of protein carbamylation and incident cardiovascular risks has not yet been shown. Of note, researchers recently reported a novel pathway linking inflammation, another promoter of atherosclerosis, and protein carbamylation. 13 Myeloperoxidase (MPO), a heme peroxidase enzyme with established multiple proatherogenic associations (including enrichment in culprit lesions from patients suffering from sudden cardiac death), catalyzed the formation of cyanate by coreactants hydrogen peroxide and thiocyanate, leading to protein carbamylation ( Figure 1 ). 13, 16 LDL carbamylation by MPO rendered the lipoprotein atherogenic, and systemic levels of protein-bound carbamyllysine (also known as homocitrulline [PBHCit] ) predicted incident risks of major adverse cardiac events (MACE, the composite of myocardial infarction, stroke, revascularization or death) among persons with normal renal function. 13 Further evidence supporting a potential mechanistic link between protein carbamylation and the pathogenesis of atherosclerosis comes from reports that uremic or carbamylated LDL induces vascular endothelial cell apoptosis, has decreased recognition by the LDL receptor, and is recognized by macrophage scavenger receptor class A. 7, 13 On the basis of the preceding observations, we hypothesized that PBHCit may have potential clinical utility in riskstratifying patients with kidney disease, a high-risk cohort in whom traditional risk factors do not adequately identify incident cardiovascular risks. We now report results examining the relationship between systemic levels of PBHCit and incident mortality risks in patients undergoing maintenance hemodialysis (MHD). Correlation studies on relevant clinical characteristics and laboratory measurements in the serum of these patients are shown in Table 2 . Of note, PBHCit showed the strongest association with BUN levels among the biomarkers examined. Of note, whereas PBHCit is associated with mortality in MHD patients, BUN is not (Supplemental Table 1 ). In contrast, we observed no significant association between systemic concentrations of PBHCit and MPO concentration, a known catalytic source of PBHCit in persons with normal renal function, among the MHD patients.
RESULTS

Systemic Levels of PBHCit
Systemic Levels of PBHCit Have Prognostic Utility Among MHD Patients
We next stratified patients into three tertiles and examined the relationship of PBHCit and death in time-to-event analyses. Kaplan-Meier survival plots of increasing tertiles of PBHCit demonstrate a significant association with mortality during the ensuing 5 years of follow-up ( Figure 3 ). MHD patients with the highest levels of PBHCit demonstrated a substantially increased risk of death compared with patients in the middle and bottom tertiles, which showed equivalent mortality risk. We further examined the prognostic utility of tertiles of PBHCit to predict death in MHD patients (Table 3 ). Relative to the lowest tertile of PBHCit, those with the highest level of PBHCit were at significantly increased mortality risk. The prognostic utility of PBHCit remained an independent predictor of survival even after several multivariate adjustments. Of note, the association remained significant even after we factored in comorbid conditions, measures of kidney disease (including BUN), nutritional status, duration of MHD, and multiple inflammatory markers (C-reactive protein [CRP], TNF-a, and MPO). We also examined a subset of MHD patients for whom cardiovascular mortality had been reported. PBHCit remained an independent predictor of cardiovascular mortality (Supplemental Table 2 ).
Systemic Levels of PBHCit Reclassifies Additional MHD Patients at Risk For Death
The preceding data suggest that PBHCit may help to identify patients with ESRD who are at increased (and decreased) nearterm mortality risk independent of traditional risk factors. In a final set ofstudies, weexamined the effect ofPBHCit onpredicting mortality in MHD patients during a 5-year period using net reclassification improvement and integrated discrimination improvement analyses (Table 4 ). In the fully adjusted model, addition of PBHCit significantly reclassified 14% of MHD patients, indicating that addition of PBHCit can help to identify MHD patients at risk not recognized by current methods.
DISCUSSION
Increased cardiovascular disease risk is a prominent clinical feature among patients with severe kidney disease. [1] [2] [3] [4] Greater than 50% of these patients die of CVD, and almost all patients with CKD or ESRD experience accelerated CVD. [1] [2] [3] [4] Although most traditional cardiovascular risk factors have some prognostic value in patients with CKD, their utility in patients with ESRD becomes more limited: A 10-to 20-fold increased risk of cardiovascular death exists even after adjustment for traditional cardiovascular risk factors. 2, 17 These observations, coupled with the fact that patients with CKD experience a significantly greater proportion of CVD than Framingham risk models would predict, have served as stimulus for the need to identify other measures of CVD risk within the unique setting of kidney disease. 5 The exploration of the relationship of various inflammatory markers and protein-bound compounds with morbidity and mortality in patients with CKD has yielded some potential candidate biomarkers, such as oxidized HDL, markers of platelet reactivity, and glycated hemoglobin. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] However, much of the pathology and physiologic dysfunction associated with ESRD has been hypothesized to be the result of both increased inflammation and "uremicspecific" compounds; it is remarkable that the biochemical process of protein carbamylation sits at the nexus of both of these pathways. 8, 10, 15, 17, [29] [30] [31] [32] The present studies demonstrate that quantification of systemic levels of PBHCit, a quantitative index of global systemic protein carbmaylation, may serve as a novel way to risk-stratify patients with ESRD who are undergoing MHD. Protein carbamylation is a posttranslational modification widely known to occur in patients with chronic uremia. 8, 10, 13, 15 Despite these well known historical observations, to our knowledge, no studies have directly demonstrated that measures of protein carbamylation in the vasculature can predict incident mortality risks independent of other known risk factors and comorbid conditions in patients with ESRD. We previously reported that systemic PBHCit levels could be used to predict incident MACE risks in patients with normal kidney function. 13 The present studies expand on these initial observations and now demonstrate potential clinical utility in PBHCit levels for risk-stratifying patients with ESRD, with patients who have the highest levels of PBHCit being at the highest risk. Notably, these associations are independent of other factors, including nutrition, cardiovascular risk factors, and inflammation markers (e.g., MPO).
This study has several limitations. First, the patients studied in this cohort are from the United States, and the applicability of the study findings across nationalities remains unclear. Second, cardiovascular mortality data were available only for the first 3 years of the study, so we examined cardiovascular mortality only for 3-year outcomes. We did, however, have allcause mortality information for all patients and examined allcause mortality (5-year) as our primary outcome because it is the most robust and ultimate outcome measure. Nonetheless, our studies reveal that PBHCit remained an independent predictor of incident cardiovascular mortality (3-year) and allcause mortality (5-year). Third, we did not have residual renal function data; however, most of the study participants were undergoing prevalent, thrice-weekly hemodialysis. It is thus highly unlikely, although not impossible, to have significant residual renal function, in sharp contrast to patients receiving peritoneal dialysis. 33 Finally, as an observational study, this study cannot exclude the inherent possibility of residual confounding. The mechanisms at play for increased protein carbamylation within patients with ESRD are not known, but to some extent they are due to the chronic uremia associated with kidney dysfunction. 34 However, it is notable that the correlation between PBHCit and urea levels within the cohort, although significant, were relatively modest in magnitude (R=0.38) ( Table 2 ), indicating that only about 14% of the variation in PBHCit level could be explained by changes in urea level. The contribution of MPO to generation of PBHCit in this cohort is unclear. Historically, the toxemia of uremia has in part been attributed to protein carbamylation, perhaps because incubation of proteins with urea results in loss of enzymatic activity and changes in protein isoelectric point and molecular weight attributed to posttranslational modification via carbamylation. 13, 14, 35 For example, erythropoietin isolated from patients with chronic uremia has dysfunction associated with increasing protein carbamylation. 31 In addition, LDL isolated from uremic patients and uremic mouse aortic plaque have an enhanced degree of carbamylation and possess multiple proatherogenic biologic properties on in vitro testing. 7, 10, 13, 34 However, ESRD, like CVD, has become increasingly recognized as a systemic inflammatory disease. 17, 29, 30, 36, 37 MPO, an abundant granulocyte protein, is a known mediator of vascular inflammation and plaque vulnerability and has been mechanistically linked to almost all stages of CVD, including culprit lesions (i.e., at sites of atherosclerotic plaque rupture and intracoronary thrombus). 15, 16, [38] [39] [40] [41] [42] [43] [44] MPO has prognostic ability to help risk-stratify these same MHD patients, 37 and thiocyanate, a preferred substrate for MPO and obligate cosubstrate with hydrogen peroxide in MPO-catalyzed protein carbamylation, is elevated in patients undergoing hemodialysis. 13, 45 However, MPO mass concentrations in the present cohort had a very weak correlation with PBHCit (Table 2) , and its inclusion in multilogistic regression analyses failed to attenuate the prognostic utility of PBHCit (Table 3) . It is worth noting that current MPO assays that have been cleared by the U.S. Food and Drug Administration for cardiovascular risk stratification (used in this study) are based on MPO mass, not activity; an assay of the latter is perhaps more likely to be correlated to PBHCit levels. Thus, the exact role of MPO in PBHCit formation within MHD patients remains unclear. Other mechanisms not yet identified might contribute to PBHCit formation and are linked to inflammation. It is tempting to speculate that one possibility is the generation of autoantibodies to PBHCit. Anticitrulline antibodies have recently become recognized in patients with rheumatoid arthritis, and these have been shown to cross-react with PBHCit. 46 Whether similar autoantibodies to carbamylation develop, an abundant posttranslational modification within the MHD patient, warrants further investigation. However, given the weak correlations with the inflammatory markers monitored, it is possible that inflammation does not play a significant role in protein carbamylation in dialysis patients.
Finally, it should also be noted, however, that measures of MPO mass as opposed to activity poorly correlated with the production of MPO-dependent oxidation products in multiple animal models, where use of MPO-knockout mice confirm a major role for MPO in the formation of the oxidation products. 47, 48 Our findings have several potential clinical implications beyond risk stratification. First, the ability to identify patients with heightened propensity for protein carbamylation due to the presence of urea provides a more relevant functional measure of adequacy of hemodialysis. Second, the presence of elevated PBHCit may identify an underlying process that can be targeted for therapeutic intervention. It is also interesting that urea levels were only modestly correlated with PBHCit levels (R50.38; P,0.01) and thus could account for only a fraction of the variance in systemic protein carbamylation. This fact, coupled with the prior recognition of MPO as an enzymatic catalyst for protein carbamylation within sites of inflammation (such as atherosclerotic plaque), suggests that inhibition of MPO may be a potential therapeutic target of interest in patients with ESRD. Further studies are warranted to determine whether strategies to reduce the production or increase the clearance of PBHCit provide therapeutic benefit in the setting of ESRD.
In conclusion, we show that a marker of systemic protein carbamylation, PBHCit, is associated with increased mortality risk among MHD patients independent of existing CVD, renal disease, and nutritional status risk factors. Together, these data suggest that carbamylation serves as a common mechanistic link among chronic uremia, inflammation, and atherosclerosis in patients with kidney disease.
CONCISE METHODS
Research Participants
Serum samples (n=347) were selected randomly from 1300 outpatients in the Nutritional and Inflammatory Evaluation in Dialysis (NIED) study undergoing maintenance hemodialysis (MHD) in 8 DaVita Inc. dialysis facilities in the Los Angeles, California, area. Inclusion criteria included age at least 18 years of age, MHD for at least 8 weeks, and a signed internal review board consent form. All patients received uniform hemodialysis treatments via high-flux membranes with reuse and standard water purification and processing techniques. 49 This study adheres to principles described in the Declaration of Helsinki. Exclusion criteria included a life expectancy of ,6 months. 50 In the first phase of the NIED study, consented patients from the eight dialysis sites had blood drawn and subsequent serum laboratory analysis (see below) was performed. Residual serum was frozen for future investigations.
The medical charts from each patient were reviewed for pertinent histories of comorbid conditions and determination of cardiovascular mortality; a modified version of the Charlson comorbidity index was used for analysis (no age or kidney disease components). 51, 52 Healthy volunteers were recruited at the Cleveland Clinic, Cleveland, Ohio, to determine PBHCit levels in apparently healthy persons. All healthy controls gave written informed consent, and the Institutional Review Board of the Cleveland Clinic approved the study protocol. Plasma from 90 agematched controls with no history of cardiovascular or kidney disease were identified for stable isotope dilution liquid chromatography-tandem mass spectrometry analyses and PBHCit quantified as described below.
Laboratory Tests
Routine laboratory tests were performed by DaVita Laboratories (Deland, FL).
Serum BUN concentrations were obtained midweek and coincide with quarterly blood tests at DaVita Laboratories. Serum CRP and cytokine were measured at the General Clinical Research Center Laboratories of Harbor-UCLA Medical Center. CRP was measured by a turbidimetric immunoassay (WPCI, Osaka, Japan). 53, 54 IL-6 and TNF-a were measured using a solid-phase sandwich ELISA with recombinant human IL-6 and TNF-a as standards (R&D Systems, Minneapolis, MN). Serum total homocysteine levels in MHD patients were determined using HPLC at the General Clinical Research Center Laboratories of Harbor-UCLA Medical Center. Near-Infrared Interactance technology (National Institutes of Health, Bethesda, MD) was used to measure fat and lean body mass, as previously described. 37 ,55,56 HCO 3 2 levels were measured at DaVita Laboratories as previously described. 57 MPO levels were performed using the Food and Drug Administration-cleared CardioMPO assay (Cleveland Heart Labs, Cleveland, OH).
PBHCit Quantification
Analysis was performed as previously described. 13 In brief, serum PBHCit from MHD patients and controls was quantified after delipidation and HCl hydrolysis using HPLC with online electrospray ionization tandem mass spectrometry on an AB SCIEX QTRAP 5500. presence of bovine MPO. The reaction was followed by acid hydrolysis, HPLC purification, and analysis by mass spectrometry (.99% purity). Results are expressed as a ratio of protein-bound homocitrulline (mmol) to lysine (mol). Quality-control plasma samples were routinely prepared and analyzed in tandem with experimental samples. The coefficient of variation for all intra-and interday analyses for PBHCit remained ,10%. These analyses were performed independently of the NIED study and were blinded from the study population, characteristics, and outcomes.
Statistical Analyses
Data are presented as median (IQR) for continuous measures and as number (percentage) for categorical measures in patients who were alive and had died during a 5-year period and over tertiles of PBHCit (Table 1 and Supplemental Table 3 ). PBHCit was classified as nonnormally distributed by performing a distribution plot of PBHCit and a Sharpe-Wilk normal distribution goodness-of-fit test (P,0.01). Continuous measures were compared between two independent groups using two-tailed Wilcoxon rank-sum tests (MannWhitney test) owing to the nonsymmetric distribution of many of the measures considered. Table 4 . The association of risk ratios was considered significant if P,0.05. We evaluated the improvement in model performance introduced by the inclusion of PBHCit using net reclassification improvement and integrated discrimination improvement as described by Pencina et al. 58 P values compare models with and without PBHCit. Both models were adjusted for the variables noted for the full adjustment model. 58 The predicted probabilities of death were estimated from the Cox model. All statistical analyses were performed using JMP, version 9, or SAS software, version 9.2 (SAS Institute Inc., Cary, NC).
